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Why care about bound vs. unbound cluster formation? 

  Affects efficiency of galactic scale feedback 

  Important when tracing galaxy evolution (e.g. SFH) using clusters 

  Crucial in understanding cluster formation and evolution 

Strickland & Stevens 99, Hopkins+12, Krause+12 
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Larsen+01, Bastian+05, Smith+07 

Lada & Lada 03, Gieles+05, Elmegreen 08 
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How do star clusters form? 
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Or: what fraction of all stars is born in bound stellar clusters? 

QUESTION 
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Star cluster formation: classical picture 

  Classical picture: bound cluster formation inhibited by gas expulsion 

  All stars form in clusters 

  Gas & stars in virial equilibrium 

  Feedback expels remaining gas 

  Because SFE is low: cluster expands, possibly becoming unbound 

  Only ~10% of all star formation ends up in bound clusters 

Slide 4 

In
tr

od
uc

tio
n 

M
od

el 
A

pp
lic

at
io

ns
 

C
on

cl
us

io
ns

 

Hills 80, Lada+84, Geyer & Burkert 01, Lada & Lada 03, Boily & Kroupa 03, Goodwin & Bastian 06, 
Baumgardt & Kroupa 07, Parmentier+08, … 
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Little observational evidence for gas expulsion as key mechanism 

  NGC 3603 is ~virialised and not expanding  Rochau+10 

  Westerlund I is ~virialised and not expanding  Cottaar+12 

  R136 is ~virialised and not expanding  Hénault-Brunet+12 

  Arches Cluster is ~virialised and not expanding  Clarkson+12 
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Star cluster formation 

  Not all stars form in clusters 
Bastian 08, Gieles & Portegies Zwart 11 
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Star cluster formation 

  Continuous density spectrum of star formation 
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Star cluster formation 

  Gas-poor & bound structure arises at the high-density end of the spectrum 
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Star cluster formation 

  No “infant mortality” by gas expulsion 

  Star clusters are not a “fundamental unit of star formation” 

  Star formation process is (initially) globally scale-free 
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So… what does happen? 
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Can we derive a theoretical framework for the cluster formation efficiency? 
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A “Dutch cheese” model 
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Two important mechanisms 

  The naturally bound/unbound part of star formation 

2 KRUIJSSEN

This calls for a continuous prescription for cluster formation,
in which the (partial) boundedness of stellar structure is eval-
uated after star formation has ceased, regardless of the spatial
scale. This enables the formulation of the CFE across the
stellar density spectrum, which in turn allows the CFE to be
connected to the density spectrum of the ISM if one adopts
a local prescription for star formation (e.g. Elmegreen 2000;
Krumholz & McKee 2005).
It is important to note that it is irrelevant to the prob-

lem at hand whether unbound stars result from gas expulsion
or from a possibly intrinsically unbound state of the (stel-
lar) substructure. The hierarchical structure of star-forming
regions implies that there can exist spatially concentrated
groups of stars that each individually may or may not be un-
bound by gas expulsion (see Kruijssen et al. 2012b; Girichidis
et al. 2012), while other, more distributed sequences of stel-
lar groups could have ended up merging and becoming a star
cluster had the gas between them not been expelled (depend-
ing on the virial state of the cloud, see e.g. Dobbs et al. 2011).
This does not mean that gas expulsion is not important, but
it does indicate that the classical picture of infant mortality
(Lada & Lada 2003; Boily & Kroupa 2003a) due to gas ex-
pulsion from centrally concentrated embedded clusters does
not hold in a picture of hierarchical star formation. In such
a dynamically complex environment, a singular definition of
a cluster in terms of current or future potential groups is not
possible, and therefore it should in fact be wondered whether
the distinction between early cluster disruption by gas expul-
sion and unbound associations exists at all.
While the relative amounts of clustered and distributed star

formation may already be largely set by the local properties of
the ISM, it has also been shown that environmental effects can
play an important role during the aftermath of star and clus-
ter formation. This is to be expected – given a universal star
formation process, the characteristics of the ISM would only
contain the complete blueprint for the state of the new-born
stellar structure if star formation were an instantaneous mech-
anism. But because the star formation process takes time, en-
vironmental effects come into play as the conversion of gas
into stars proceeds. The truncation of star formation by feed-
back and the potential dispersal of the stellar structure may
appear to be mostly an internal process, but theoretical and
numerical work have shown that the effectiveness of gas ex-
pulsion is largely determined by how the feedback couples to
the ISM (Elmegreen & Efremov 1997; Pelupessy & Portegies
Zwart 2012). This implies a partial dependence of feedback
on the environment, because the timescale on which the in-
flow of gas onto a star forming region can be halted then de-
pends on a combination of the ISM porosity and its pressure.
Another environmental effect is entirely external in nature.

In Kruijssen et al. (2011, 2012b) we identified the ‘cruel cra-
dle effect’, which refers to the tidal disruption of young stel-
lar structure by giant molecular clouds (GMCs) in the natal
environment (also see Elmegreen & Hunter 2010). If the den-
sity contrast between the star-forming region and surrounding
GMCs is low enough, tidal shocks1 are capable of destroy-
ing the new-born stellar structure before the primordial gas
has been cleared. The cumulative effect of this mechanism
1 The similarity in nomenclature with hydrodynamic shocks is unfortunate,

especially in the context of this paper. However, tidal shocks are completely
unrelated to fluid discontinuities, and refer to the transient injection of energy
into a gravitational system by the passage of a massive object such as (in this
case) a GMC (see e.g. Spitzer 1987; Kundic & Ostriker 1995; Gnedin et al.
1999; Gieles et al. 2006; Kruijssen et al. 2011).

increases as star formation proceeds. The cruel cradle effect
thus needs to be included in a theory for the CFE.
It is clear that the fraction of star formation producing

bound stellar clusters is the result of a combination of fac-
tors, some of which are already imprinted in the ISM before
the onset of star formation, while others are environmental
effects that act on the stellar structure a posteriori. The re-
quirements for a theory for the cluster formation efficiency
are thus as follows.

1. It must account for the hierarchical structure of the
ISM, and do so in a continuous manner, i.e. without
invoking any arbitrary thresholds for the formation of
stars or stellar clusters.

2. The dispersed and unbound fractions of star formation
should follow from a local criterion that can be applied
to the entire hierarchy of the ISM.

3. The truncation of star formation by feedback has to be
accounted for, as well as its dependence on the galactic
environment (unless star formation is so efficient that
the gas is depleted before then).

4. The disruption of substructure by tidal shocks acting
within the star formation timescale should also be in-
cluded.

A theory that satisfies the above requirements enables the pre-
diction of the CFE as a function of the galactic environment.
This can be between individual galaxies as well as locally re-
solved, both in space and time.

2.2. Model derivation
The cluster formation efficiency Γ can be formulated as the

product of two fractions:
Γ = fboundfcce. (1)

The first fraction, fbound, accounts for the naturally bound
part of star formation and includes the effects of gas expul-
sion by feedback, thus incorporating the first three points of
the set of requirements postulated in the previous section. The
second fraction, fcce, covers the fourth of these points and in-
dicates the fraction of clusters left after applying the tidal dis-
ruption due to the cruel cradle effect. Expressions for fbound

and fcce are derived below.

2.2.1. The naturally bound part of star formation

The hierarchical structure of the ISM is driven by a com-
bination of turbulence and local gravitational contraction. It
has been known for well over a decade now that the probabil-
ity distribution function (PDF) of the mass density in isother-
mal, supersonically turbulent clouds and larger structures of
cold gas is well-described by a log-normal function (Padoan
& Nordlund 2002, REFS!!). When formulated as the PDF of
the overdensity with respect to the mean density in the turbu-
lent region x = ρg/ρISM, it can be written independently of
the physical scale as (Padoan & Nordlund 2002):

dp

dx
=

1√
2πσ2x

exp

[

−
(lnx − lnx)2

2σ2

]

, (2)

where the logarithmic mean lnx is related to the standard de-
viation σ as

lnx = −
σ2

2
, (3)
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  The cruel cradle effect 



The model in one figure 

  Overdensity PDF of the interstellar medium 

  Mean and dispersion set by Mach number M(Σg,Ω,Q) 

  Assuming hydrostatic equilibrium provides mid-plane density ρISM(Ω,Q)	
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  Surface density 
  Angular velocity 
  Toomre Q parameter Vazquez-Semadini 94, Padoan & Nordlund 97,11 



The model in one figure 

  Assume specific SFR per free-fall time 

  Pressure equilibrium between feedback and ISM gives duration of SF 

  Integration of dashed curve: all star formation 
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  Including the star formation efficiency 
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  Angular velocity 
  Toomre Q parameter Elmegreen 02, Krumholz & McKee 05 
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The model in one figure 
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The model in one figure 

  Integration of dotted curve: naturally bound part of star formation 
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  Including the star formation efficiency  
  Including naturally bound star formation 
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The model in one figure 

  Cruel cradle effect: Spitzer theory of tidal shocks 

  Critical overdensity for surviving tidal disruption by SF environment 

  Integration gives the total cluster formation efficiency 

  Including the star formation efficiency  
  Including naturally bound star formation 
  Including the cruel cradle effect 
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We now have the global CFE as a function of: 
gas surface density 

angular velocity 
Toomre Q parameter 

or locally as a function of: 
gas volume density 

gas velocity dispersion 
sound speed 
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CFE as a function of… galaxy 

  Need surface density, angular velocity and Toomre Q 

  Q = {0.5,1.5,3} for {starburst,disc,quiescent} 
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Dutch cheese revisited: model uncertainties 

  Do the holes matter? 
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Comparison to nearby dwarf, spiral and starburst galaxies 
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Comparison to nearby dwarf, spiral and starburst galaxies 
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Spatially resolved cluster formation efficiency 
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Cosmic evolution of the cluster formation efficiency 

z 

Γ
 [%

] 

Input from Observations 
Kennicutt 98 
Tacconi+08 
Förster Schreiber+09 
Tacconi+10 
Genzel+10 

THE FRACTION OF STAR FORMATION OCCURRING IN BOUND CLUSTERS 21

FIG. 9.— Variation of the cluster formation efficiency (CFE) with cosmic time. Left: Predicted CFE as a function of the observed star formation rate density
for nearby disk galaxies (diamonds, using input data from Kennicutt 1998), high-redshift (z = 1–2.5) normal galaxies (squares), and high-redshift (z = 1–3)
starburst galaxies (plus signs). The input data for redshifted galaxies is taken from Tacconi et al. (2008), Förster Schreiber et al. (2009), Tacconi et al. (2010), and
Genzel et al. (2010). The curves indicate the model predictions for Q = 0.5 (solid) and Q = 1.5 (dashed), defining Ω and ΣSFR as in equations (9) and (44),
respectively. Right: Predicted CFE as a function of redshift and lookback time (cf. Wright 2006). Small grey symbols are the same as in the left-hand figure.
Large solid symbols indicate the mean CFEs for nearby disks (diamond) and starbursts (triangle, using input data from Kennicutt 1998). The lines indicate the
mean CFEs in∆z = 1 redshift bins for disks (dotted) and starbursts (solid). Error bars do not represent standard errors, but indicate the 16th and 84th percentiles
of the underlying distributions.

than in nearby starburst galaxies. This does not only imply
that clusters forming in the early Universe were ten times
more numerous at the same star formation rate. Given that
young stellar clusters are formed according to a power law
initial cluster mass function with an index of −2, the size-of-
sample effect dictates that a 1 dex increase of the CFE would
also facilitate the formation of clusters ten times more mas-
sive at the same star formation rate. Considering that the star
formation rate itself attained values SFR > 1000 M! yr−1,
the masses of the most massive clusters should have reached
even higher. This statistical17 argument suggests that that
the ‘normal’ cluster formation mechanisms of the nearby
Universe would lead to the formation of extremely massive
(! 107 M!) and dense stellar systems like (metal-rich) glob-
ular clusters in high-redshift galaxies, and that such systems
were commonplace.
It is possible to make a theoretical estimate of the total frac-

tion of all stars in the Universe that formed in bound stellar
clusters by integrating the CFE over the cosmic mass assem-
bly history. Noting that secular star formation in galaxy disks
contributes a larger fraction of the cosmic mass assembly than
starbursts for redshifts z " 1 (e.g. Somerville et al. 2001;
Kauffmann et al. 2003), the redshift evolution of the CFE in
Figure 9 warrants a rough, two-step approximation in which
Γ = 50% for z > 0.7 and Γ = 10% for z < 0.7. Since the
(comoving) stellar mass density increased by a factor of 1.6–
2 since z = 0.7 (e.g. Pozzetti et al. 2007; Marchesini et al.
2009; Ilbert et al. 2010), this gives a total cosmic integrated
CFE of Γuniv = 30–35%. In other words, the model predicts
17 A possibly more relevant (and currently unanswered) question is

whether there are any physical mechanisms that limit the maximum cluster
mass, and how these would evolve with the galactic environment (e.g. Gieles
et al. 2006a; Bastian 2008; Larsen 2009).

that roughly one third of all stars in the Universe once formed
in bound stellar clusters, while the remainder originated in
unbound associations.

7. DISCUSSION
In this section, we discuss the possible sources of uncer-

tainty in the presented theoretical framework, as well as future
observational tests and potential applications in observations,
theory, and numerical simulations.

7.1. Influence of parameters and model assumptions
The first test of the uncertainties in the presented model is

to assess how the adopted parameters might influence the re-
sult. While the model does not rely on a very large number of
parameters (see Table 2), and even though we have shown that
the variation of the CFE due to individual parameters is gen-
erally minor (see e.g. Figure 5), it is worth checking how the
results change if all parameters would conspire in the same
direction.
The typical variations or uncertainties of the model parame-

ters is shown in Table 4, the fourth column of which indicates
whether the CFE increase (+) or decreases (−) with the pa-
rameter in question. The ranges are based on discussions in
Krumholz&McKee (2005), Gieles et al. (2006b), Heyer et al.
(2009), Portegies Zwart et al. (2010), Kruijssen et al. (2011),
and on the appendices of this paper. Using the table, one can
easily decide which extremes to choose in order to estimate
the variation of the CFE. Additional variation may come from
the adopted star formation law (see Figures 2 and 8) and the
inclusion of radiative feedback (see Appendix C). As such,
we consider two cases with the following changes to the fidu-
cial model.

1. The low-CFE case, including the prescription for radia-

Starbursts 

Disc galaxies 
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How do star clusters form? 
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Star clusters form at the high-density tail of the ISM density spectrum 

We can now predict the fraction of star formation 
 that is clustered versus the fraction that is dispersed 

MODEL ANSWER 
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Gaia can verify whether gas expulsion acts on substructured (should) 
or collapsed, spherically symmetric (shouldn’t) stellar structure 

Galactic ISM surveys should look for protoclusters and 
compare to the unembedded young cluster population 
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The information for the star cluster formation process 
is already present in the characteristics of the gas 

Star clusters are no fundamental unit of star formation, 
but instead are a possible outcome 
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Feeling cheesy? 

Publicly available Fortran and IDL routines upon paper acceptance 
http://www.mpa-garching.mpg.de/cfe 

(don’t try, there’s nothing there yet) 
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